Background: NEFA plays numerous roles in the metabolism of glucose, lipids, and proteins. A number of experimental studies have shown that NEFA may have an important role in fatty acid metabolism in the liver, especially in dairy cows that experience negative energy balance (NEB) during early lactation. Methods: In this study, using fluorescent quantitative RT-PCR, ELISA, and primary hepatocytes cultured in vitro, we examined the effect of NEFA (0, 0.2, 0.4, 0.8, 1.6, and 3.2 mmol/L) on fatty acid metabolism by monitoring the mRNA and protein expression of the following key enzymes: long chain acyl-CoA synthetase (ACSL), carnitine palmitoyltransferase IA (CPT IA), long chain acyl-CoA dehydrogenase (ACADL), and acetylCoA carboxylase (ACC). Results: The mRNA and protein expression levels of ACSL and ACADL markedly increased as the concentration of NEFA in the media was increased. The mRNA and protein expression levels of CPT IA were enhanced significantly when the NEFA concentrations increased from 0 to 1.6 mmol/L and decreased significantly when the NEFA concentrations increased from 1.6 to 3.2 mmol/L. The mRNA and protein expression of ACC decreased gradually with increasing concentrations of NEFA. Conclusion: These findings indicate that increased NEFA significantly promote the activation and β-oxidation of fatty acids, but very high NEFA concentrations may inhibit the translocation of fatty acids into mitochondria of hepatocytes. This may explain the development of ketosis or liver lipidosis in dairy cows. CPT IA might be the key control enzyme of the fatty acid oxidation process in hepatocytes.
Effect of Non-Esterified Fatty Acids on Fatty Acid Metabolism-Related Genes in Calf Hepatocytes Cultured in Vitro

Introduction
Non-esterified fatty acids (NEFA) are one of the most important metabolites in the serum of dairy cows, especially in the transition period (3 weeks before to 3 weeks after parturition). During the transition period, dairy cows experience an increased demand for energy to support milk production, but dry matter intake (DMI) is only insufficient. As a result, a negative energy balance (NEB) occurs. In response to this, lipolysis occurs to provide precursors of molecules used for energy, and it causes an increase in the NEFA serum concentrations [1] [2] [3] . NEFA play numerous potential roles in many metabolic disorders and other diseases of periparturient cows [4, 5] .
For cows, the liver plays an essential role in fatty acid metabolism. Large amounts of NEFA are metabolised in the liver via 3 main pathways: (1) complete oxidation, producing H 2 O, CO 2 , and ATP; (2) incomplete oxidation, producing ketones; and (3) esterification to triacylglyceride. When the uptake of NEFA exceeds the oxidation ability of the liver, more NEFA will be incompletely oxidised to ketones or esterified to triacylglyceride, leading to ketosis or fatty liver syndrome [6] . Acyl-CoA synthetase long-chain (ACSL), carnitine palmitoyltransferase IA (CPT IA), and acyl-CoA dehydrogenase long chain (ACADL) are important rate-limiting enzymes relevant to fatty acid oxidation that are in responsible for fatty acid activation, translocation, and β-oxidation in mitochondria. Acetyl-CoA carboxylase (ACC), which converts acetyl-CoA to malonyl-CoA, is an inhibitor of CPT I [7] . While experiencing a NEB, a high blood NEFA concentration may affect the enzymes listed above and alter fatty acid oxidation metabolism. However, the process of fatty acid oxidation under high NEFA concentrations is unclear. Therefore, the objective of this study was to determine the effects of NEFA on the mRNA and protein expression in cultured bovine hepatocytes of the enzymes listed above. This study provides important information for understanding the mechanism of metabolic disorders in dairy cows.
Materials and Methods
Cell culture
Hepatocytes were cultured using the collagenase perfusion method described previously [8, 9] . Briefly, the liver (caudate lobe) was obtained under sterile conditions from a Holstein newborn calf anesthetised with thiamylal sodium. Then, the liver was quickly transferred into a superclean bench, washed with perfusion solution, and digested with digestion solution. After digestion, 100 mL of basic medium was added to the tissue, and the liver capsule, blood vessels, fat, and connective tissue were removed. Any parts of the liver caudate lobe that were incompletely digested were cut away, and the remainder of the liver parenchyma was cut into pieces and filtered sequentially with 100-mesh (150 μm), 200-mesh (75 μm), and 500-mesh (30 μm) cell sieves. The hepatocyte suspension obtained was washed twice with basic medium (4℃) and centrifuged for 10 min at 50 × g before resuspension in adherent medium. The hepatocyte purity was assessed using flow cytometry, and it was above 95%. The cell density was adjusted to 5 × 10 5 cells/mL with adherent culture medium, and the cells were cultured in six-well plates at a density of 10 6 cells/cm 2 (Costar, New York, USA, Corning Incorporated). After a 4-hr attachment period, the media that contained unattached cells was replaced with RPMI 1640 culture medium containing 10% fetal bovine serum. The cells were then cultured at 37 ℃ and 5% CO 2 . Every 24 hr, the media of each well was replaced with fresh media.
NEFA treatments
The preparation of the NEFA solution was performed as described previously by Li et al. [8] . Oleic acid (2.175 mmol), linoleic acid (0.245 mmol), palmitic acid (1.595 mmol), stearic acid (0.72 mmol), and palmitoleic acid (0.265 mmol) were dissolved in 100 mL of a potassium hydroxide solution (1 mol/L) at 60℃. Hydrochloric acid (1 mol/L) was used to adjust the pH of the NEFA solution to 7.2, and then the solution was diluted to a final volume of 500 mL with distilled water. Therefore, the concentration of the 
RNA extraction and real-time RT-PCR
After 24 hrs of incubation, the total RNA of the hepatocytes was extracted. Total RNA was isolated from hepatocytes using RNAiso TM Plus (TaKaRa Biotechnology (Dalian) Co., Ltd., Dalian, China) according to the manufacturer's instructions and was quantified by spectrophotometry with a Biophotometer (VaudauxEppendorf, Basel, Switzerland). Only samples with an optical density ratio at 260/280 nm were used in further analyses. Then, 1 µg total RNA was reverse transcribed with 200 U Moloney Murine Leukemia Virus Reverse Transcriptase RNase H Minus, Point Mutant (Promega, Madison, WI) using 100 pmol random hexamer primers (Invitrogen, Leek, Netherlands). The cDNA (25 ng/µL) was amplified by fluorescent quantitative RT-PCR using SYBR Premix Ex Taq TM Ⅱ (TaKaRa Biotechnology (Dalian) Co., Ltd., Dalian, China), according to the manufacturer's instructions. A master mix of the following reaction components was prepared: 6 μL of water, 0.8 μL of forward primer (10 μmol/L), 0.8 μL of reverse primer (10 μmol/L), 10 μL of SYBR Premix Ex Taq TM Ⅱ (2×), and 0.4 μL ROX reference dye (50×). Then, 18 μL of master mix and 2 μL of sample volume (containing 50 ng of cDNA) were used in the following 2-step PCR program: denaturation for 30 s at 95 °C and 40 cycles of amplification (each cycle consisting of 5 s at 95 °C and 60 °C for 30 s). Then, the PCR products were submitted to a melting curve program (60 -95 °C). The expression of the ACSL, CPT IA, ACADL, and β-actin genes were evaluated on the basis of mRNA copy number per l μg of total RNA. The β-actin gene was also analysed (in addition to the target genes of interest) to monitor the efficiency of the RT-PCR and to provide an internal reference. The target gene mRNA abundance was displayed as the target gene mRNA copy number per 1 μg of total RNA divided by the β-actin mRNA copy number. The primers for CPT IA were identical to that of van Dorland et al. [10] , and the primers for ACSL, ACADL, ACC, and β-actin were designed using Primer Express TM Version 2.0 software (PE Applied Biosystems, Foster, CA, USA) ( Table  1 ). The primers for ACSL and ACADL were designed to detect them in the mitochondria.
Protein extraction and enzyme activity determination
After a 24 hr incubation, the cells were harvested from the culture dishes by scraping, recovered by sedimentation and stored at -80 °C prior to analysis. The frozen cell pellets containing approximately 25×10 6 cells/treatment group (3 dishes) were homogenised in 0.1 M of potassium phosphate (pH 7.4), 1 mM EDTA and 20% glycerol with a Dounce manual homogeniser. The particulate matter was removed by centrifugation for 2 min at 10,000 ×g and was stored in aliquots at -80 °C. Total protein was assayed using the Bradford protein assay reagent (Bio-Rad, Hercules, CA) with bovine serum albumin as the standard.
The ACSL protein level was measured using the bovine acyl-CoA synthase enzyme-linked immunosorbent assay (ELISA) kit (cat. no. CSB-E12165B) with a minimum detectable concentration of 
0.39 ng/mL, and the interassay and intraassay coefficients of variance were 6.1% and 3.4%, respectively. The CPT IA protein level was measured using the bovine carnitine palmitoyltransferase I ELISA kit (cat. no. CSB-E12136B) with a minimum detectable concentration of 0.31 ng/mL, and the interassay and intraassay coefficients of variance were 7.2% and 4.7%, respectively. The ACADL protein level was measured using the bovine long chain acyl-coenzyme A dehydrogenase ELISA kit (cat. no. CSB-E12138B) with a minimum detectable concentration of 3.12 ng/mL, and the interassay and intraassay coefficients of variance were 6.3% and 4.5%, respectively. The ACC protein level was measured by using the bovine acyl-CoA carboxylase ELISA kit (cat. no. CSB-E12139B) with a minimum detectable concentration of 0.78 ng/mL, and the interassay and intraassay coefficients of variance were 9.4% and 5.4%, respectively. All kits were obtained from Cusabio Biotech Co. Ltd., Wuhan, China and were used according to the manufacturer's instructions. Each factor was measured in triplicate. The protein expression of ACSL, CPT IA, ACADL, and ACC were displayed as target protein content/total protein content.
Statistical analyses
Statistical analyses of the data were conducted using the SPSS 13.0 software (SPSS Inc., Chicago, IL) with a significance level of P<0.05. The values were expressed as the means ± SD. Parameters were compared by one-way ANOVA using the Duncan's test.
Results
Agarose gel electrophoresis of hepatocyte total RNA
As shown in Fig. 1 , three bands of hepatocyte total RNA, corresponding to 28S, 18S and 5S RNA, were found. The A 260 /A 280 ratio of total RNA was > 1.9 and met the specified purity requirements.
The mRNA and protein expression of fatty acid metabolism-rated genes
As shown in Fig. 2 , different potassium concentrations did not significantly affect the mRNA expression of ACSL, CPT ΙA, ACADL, and ACC in hepatocytes (P > 0.05).
Low NEFA concentrations (≤ 0.4 mM) did not significantly affect the mRNA and protein expression of ACSL in hepatocytes (Fig. 3) . However, the ACSL mRNA and protein expression were markedly increased when the NEFA concentration exceeded 0.8 mM (P < 0.05).
As shown in Fig. 4 , increasing CPT ΙA mRNA and protein expression were observed when the NEFA concentration was less than 1.6 mM (P < 0.05), and decreasing CPT ΙA mRNA and protein expression were observed when the NEFA concentration exceeded 1.6 mM (P < 0.05).
As shown in Fig. 5 , the mRNA and protein expression of ACADL increased gradually with increasing concentrations of NEFA. The ACADL mRNA and protein expression were markedly increased when the NEFA concentrations exceeded 0.4 mM (P < 0.05; mRNA) and 0.8 mM (P < 0.05; protein). Low concentrations of NEFA (≤ 0.2 mM) did not significantly affect the mRNA and protein expression of ACADL in hepatocytes.
As shown in Fig. 6 , the mRNA and protein expression of ACC decreased gradually with increasing concentrations of NEFA. The ACC mRNA and protein expression were markedly decreased when the NEFA concentrations exceeded 0.8 mM (P < 0.05; mRNA) and 1.6 mM (P < 0.05; protein). Low concentrations of NEFA (≤ 0.4 mM) did not significantly affect the mRNA and protein expression of ACC in hepatocytes. Li 
Discussion
Dairy cows usually experience a NEB during the transition period; this is especially seen in high yield cows and is accompanied by decreased energy intake, which leads to fat mobilisation and a significant increase in the blood NEFA concentration. NEFA are mainly oxidised in the liver to generate ATP for cows. In addition to a metabolic substrate, NEFA also act as signalling molecules involved in many metabolic processes, such as glucose , and e indicate significant difference between the parameters of CPT IA mRNA or CPT IA protein (P < 0.05), and the same small letters indicate no significant difference between different concentration sets in the same line (P > 0.05). Li [8, 11, 12] . However, the effect of NEFA on fatty acid metabolism in dairy cows was unclear, especially at high NEFA concentrations. In previous studies, at normal conditions, the serum NEFA was lower than 0.4 mmol/L in dairy cows, but this was always greater than 0.5 mmol/L in cows in the transition period [13] . Furthermore, the serum NEFA concentrations in dairy cows with severe NEB have always been found to be above 1.5 mmol/L [14] . Therefore, we treated the hepatocytes with 0, 0.2, 0.4, 0.8, 1.6, and 3.2 mmol/L NEFA to observe the effects of high concentrations of NEFA on fatty acid metabolism in bovine hepatocytes. The hepatocytes were treated with different concentrations of NEFA, and also treated with different concentrations of potassium. But our results demonstrated that the solvent of NEFA did not markedly affect the expression of ACSL, CPT ΙA, ACADL, and ACC in bovine hepatocytes. In liver cells, fatty acid oxidation mainly occurs in mitochondria [15] . The 4 steps of mitochondrial fatty acid oxidation are activation, translocation, β-oxidation, and ketogenesis [16] . ACSL, CPT IA, and ACADL are key enzymes that control the activation, translocation, and β-oxidation of fatty acids in the mitochondria. In the present study, the mRNA and protein expression of ACSL and ACADL increased gradually with increasing concentrations of NEFA. These results indicate that a high NEFA level may increase fatty acid oxidation in mitochondria. For CPT IA, increasing mRNA and protein expression were observed when the concentration of NEFA was less than 1.6 mmol/L, and decreasing mRNA and protein expression were observed when the concentration was more than 1.6 mmol/L. These results were similar to those found by Xu et al. [17] . ACSL activates fatty acid metabolism to fatty acyl-CoA leading to either fatty acid oxidation or triacylglyceride synthesis in the liver [7] . ACADL is an enzyme that catalyses the first step of the β-oxidation of long chain FA in the mitochondria. Our results indicate that although increasing NEFA led to increased ACSL and ACADL expression in hepatocytes, high concentrations of NEFA (more than 1.6 mmol/L) also inhibited the expression of CPT IA, a membrane transporter that transfers fatty acids (acylCoA) from the cytoplasm into the mitochondrial matrix and is a primary regulatory enzyme involved in mitochondrial β-oxidation [16] . In spite of the increase in fatty acid metabolism to fatty acyl-CoA, fatty acyl-CoA transport into the mitochondrial matrix was limited; thus, the oxidation of fatty acids in the mitochondria is bounded. The fatty acyl-CoA level is increased due to the increased expression of ACSL; this fatty acyl-CoA may be esterified to triacylglyceride, which may result in liver lipidosis. Therefore, CPT IA might be the key control enzyme of the fatty acid oxidation process in the mitochondria. Louet reported that long-chain FA oxidation is primarily controlled by changes in CPT I activity, malonyl-CoA concentration, and the sensitivity of CPT I to inhibition by malonyl-CoA [16] . In this study, the expression of ACC, which converts acetyl-CoA to malonyl-CoA, was inhibited when the concentration of NEFA in the media increased; this resulted in a decrease in the production of malonyl-CoA. This result may explain why the mRNA and protein expression of CPT-IA were enhanced significantly when the NEFA concentrations increased from 0 to 1.6 mmol/L. However, the effects of NEFA on the activity and sensitivity of CPT IA were not evaluated in the present study, and additional research is needed to confirm our findings. Our in vivo results indicated that significant changes in fatty acid oxidation genes occurred in ketotic cows that experience a NEB and that increased serum NEFA concentrations were positively correlated with ACSL expression and negatively correlated with ACADL and ACC expression [7] ; the mechanism underlying these results was unclear. Recently, studies have indicated that the AMP-activated protein kinase (AMPK) signalling pathway plays a key role in the regulation of hepatic lipid metabolism [18] . Increased plasma TG content and hepatic lipogenesis were observed when AMPKα was deleted in mice, but plasma TG content was decreased when AMPKα was overexpressed in the liver [19, 20] . Li's results showed that NEFA can activate the AMPK signalling pathway to regulate the expression of lipid metabolism-related enzymes in bovine hepatocytes, including ACC, ACSL, and CPT IA; this then affects fatty acid oxidation in these cells [21] . Our results indicate that, as signalling molecules, NEFA also affect fatty acid oxidation through the activation of the AMPK pathway, which may explain the changes in the expression of fatty acid oxidation-related genes in our study. Our findings may aid to the understanding of the concentration-dependent effect of NEFA on hepatic fatty acid oxidation.
Conclusions
In summary, the results of this study indicate that high concentrations of NEFA significantly promote hepatocyte fatty acid oxidation by increasing the activation and β-oxidation of fatty acids. However, high NEFA concentrations (more than 1.6 mmol/L) significant inhibited CPT IA, reducing fatty acid transport into the mitochondria, decreasing fatty acid oxidation, and potentially leading to ketosis and liver lipidosis. CPT IA may play a key role in fatty acid oxidation in bovine hepatocytes.
